Study design: The use of stem cells for functional recovery after spinal cord injury. Objective: The aim of this study was to evaluate the effects of a combination of autologous undifferentiated and neural-induced bone marrow mesenchymal stem cells (MSCs) on behavioral improvement in rats after inducing spinal cord injury and comparing with transplantation of undifferentiated and neural-induced MSCs alone. Setting: The study was conducted at the department of Clinical Sciences, Faculty of Veterinary Medicine, University of Tehran, Tehran, Iran. Methods: The spinal cord was injured by contusion using a Fogarty embolectomy catheter at the T8-T9 level of the spinal cord, and autologous MSCs were transplanted into the center of the developing lesion cavity, 3 mm cranial and 3 mm caudal to the cavity, at 7 days after induction of spinal cord compression injury. Results: At 5 weeks after transplantation, the presence of transplanted cells was detected in the spinal cord parenchyma using immunohistochemistry analysis. In all treatment groups (differentiated, undifferentiated and mix), there was less cavitation than lesion sites in the control group. The BassoBeattie-Bresnahan (BBB) score was significantly higher in rats transplanted with a combination of cells and in rats transplanted with neural-induced MSCs alone than in undifferentiated and control rats. Conclusion: Pre-differentiation of MSCs to neuron-like cells has a very important role in achieving the best results for functional improvement.
Introduction
Numerous studies have evaluated the strategies that attempt to promote axon regeneration in spinal cord injuries (SCIs). Among these strategies, cell transplantation is at present considered to be the most effective way of repairing SCIs. 1 So far, several different kinds of cells have been used as transplants for spinal cord regeneration, including Schwann cells, 2 embryonic spinal cord stem cells, 3 olfactory ensheathing cells, 4 macrophages, 5 choroids plexus ependymal cells, 6 neural stem cells 7 and bone marrow stromal cells. 1 SCI does not need to be cured completely for function to return.
Partial recovery can enormously improve a patient's life, 8 and cell therapy can achieve this goal. Among the different kinds of cells for the treatment of spinal cord injury, embryonic neural stem cells have been most enthusiastically studied. 9 However, several difficulties, including ethical issues and clinical complications such as immune reactions and teratoma formation, make it impossible to use human fetal tissue as a practical and immediate source for therapeutic treatment. 10 In this study, we studied the effect of bone marrow undifferentiated mesenchymal stem cells (MSCs), neural differentiated MSCs and a combination of them transplanted directly into the lesion site for the repair of injured rat spinal cord. This study was carried out to determine which kinds of stem cells (undifferentiated, differentiated or a combination of them) have more beneficial effects on the behavioral recovery of acute spinal cord injured rat.
Materials and methods

Isolation of mesenchymal stem cells (MSCs)
For elimination of the problem of rejection, bone marrow was obtained from femoral bones of rats, harvested, and transplanted into the same rat. Collection, isolation and propagation of MSCs were performed as described by Wakitani. 11 In brief, MSCs were isolated from bone marrow aspirates taken from the femur. Rats were anesthetized with ketamine (75 mg kg
À1
) and xylazine (10 mg kg
) intramuscularly. A small hole (1-1.5 mm) in the femur was made with a burr micromotor drill after skin incision (5 mm), and 0.5-1 ml of bone marrow was aspirated using a 2-ml syringe with a 21-G needle supplemented with 500-750 IU heparin. The samples were diluted in L-15 medium (2 ml) containing 3 ml Ficoll. The cells in the mononuclear layer were collected after centrifugation (2000 r.p.m., for 15 min) and were resuspended in 2 ml serum-free medium. After centrifugation (2000 r.p.m., for 15 min), the cells were suspended in 1 ml neural progenitor maintenance medium.
To identify the nature of the MSCs of isolated cells, cells were treated with osteogenic Dulbecco's modied Eagle's medium composed of 50 mg ml À1 ascorbic acid 2-phosphate, 10 nM dexamethasone and 10 mM b-glycerophosphate, and adipogenic (Dulbecco's modied Eagle's medium supplemented with 50 mg ml À1 indomethacine and 100 nM dexamethasone (Sigma Chemical, St Louis, MO, USA)) medium for 21 days.
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For cell-surface antigen characterization, MSC antigens were measured by flow cytometry using fluorescein isothiocyanate-conjugated mouse anti-rat CD31 (Abd Serotec, Oxford, UK), CD34 (Cedarlane, Hornby, Canada), CD29 (Becton Dickinson, Mountain View, CA, USA), Phycoerythrin-conjugated mouse anti-rat CD45 (Biolegend, San Diego, CA, USA), CD90 1.1 (eBioscience, San Diego, CA, USA) and CD11b (BD Biosciences, San Jose, CA, USA).
Differentiation of mesenchymal stem cells (MSCs) into neurocyte cells
Cells were induced to differentiate into neuron-like cells in serum-withdrawal medium in 2 weeks using a multistep protocol. Cells that were seeded at a density of 3000-4000 cells cm À2 were treated with the first-step medium containing Dulbecco's modied Eagle's medium/F12 (Gibco, Gaithersburg, MD, USA) supplemented with 1% insulin/ transferrin/selenium supplement (Gibco), 2% B27 supplement (Gibco), 10 ng ml À1 basic fibroblast growth factor (Peprotech, Rocky Hill, NJ, USA) and 5 mM retinoic acid (Sigma). After 1 week, the medium was changed to a medium containing insulin/transferrin/selenium and B27 supplements with 1 mM dibutyryl cyclic adenosine monophosphate (Sigma) and 100 mM ascorbic acid (Sigma), and cells were treated for 4 days. The third step in the treatment of cells was performed in a medium containing insulin/transferrin/ selenium and B27 with 10 mM forskolin (Sigma), 0.1 mM isobutylmethylxanthine (Sigma) and 100 mM ascorbic acid for 3 days. All culture media were changed every 2-3 days.
Immunocytochemistry analysis
Cells were fixed with 4% paraformaldehyde on the third day of differentiation and incubated for 1 h in 4 1C and then permeabilized with Triton X-100 (0.2%) and processed for immunocytochemistry using primary antibodies to b-tubulin III in a 1:50 dilution (mouse monoclonal; Chemicon, Temecula, CA, USA), and NFM in a 1:500 dilution (mouse monoclonal; Sigma). For fluorescence, fluorescein isothiocyanate-conjugated (Sigma) anti-mouse secondary antibody at a dilution of 1:500 was applied. Neuron-specific immunostaining against neural-specific enolase and b-tubulin III also confirmed the neural differentiation of MSCs.
RNA isolation and reverse transcriptase (RT)-PCR analysis
For RT-PCR analysis, total cellular RNA was extracted using TRI-reagent BD (Sigma Figure 3 . Using RT-PCR, we defined the expression of several neural-specific genes, including neuron-specific enolase, Nestin, b-tubulin and microtubule-associated protein 2, 3 days after induction of differentiation.
Labeling by bromodeoxyuridine (BrdU)
To enable the detection of transplanted cells in vivo, cells were labeled with bromodeoxyuridine (BrdU, Sigma) 24 h before implantation. For transplantation, cells were washed with phosphate-buffered saline, trypsinized, washed with phosphate-buffered saline again, counted and then resuspended in serum-free culture medium.
Animal groups
Male Fischer-344 Wistar rats (n ¼ 24), 8-12 weeks of age, were used in this experiment. To minimize variations in the size of the spinal canal, care was taken to include only animals with body weights of 300-350 g at the beginning of the experiment. All animals were housed separately in a large, well-lit laboratory controlled for temperature (21 1C) and maintained with a daily photoperiod of 12 h of light. Each animal had ad libitum access to food and water. Spinal cord injured rats were randomly divided into four groups: control group (injured animals that received no treatments; n ¼ 5), differentiated group (injured animals that received differentiated neural cells; n ¼ 6), undifferentiated group (injured animals that received undifferentiated MSCs; n ¼ 6) and mix group (injured animals that received undifferentiated MSCs and differentiated neural cells; n ¼ 7). All experiments followed the guidelines of the Iran Animal Care Committee and were approved by the faculty of veterinary medicine animal care committee.
Spinal cord injury and transplantation of mesenchymal stem cells (MSCs)
Paraplegia was induced in rats according to the procedure by Vanicky et al. 13 Briefly, rats were anesthetized. Under sterile conditions, a 2-cm midline incision was made over the T10-L1 spinous processes. Both soft tissue and spinous processes of vertebrae T10-T11 were removed. Under a surgical microscope, a small hole (1.5 mm diameter) was made in the vertebral arch of T10 using a micromotor. A groove was drilled into the midline on the dorsal surface of the T11 vertebral lamina to guide the insertion of the catheter and hold it positioned at the midline. A 2-French Fogarty catheter (Perouse Medical, Ivry Le Temple, France) was filled with saline and connected to an airtight 50-ml Hamilton syringe (Hamilton Co., Reno, NV, USA) held in a precise sampling device. The catheter was inserted into the epidural space and advanced cranially for 1 cm, so that the center of the balloon rested at the T8-T9 level of the spinal cord ( Figure 1 ). The balloon was rapidly inflated with 20 ml volume of saline for 5 min. The catheter was then deflated and removed. Soft tissues and skin were sutured in anatomical layers. Manual bladder expression was performed at least twice daily until reflex bladder activity was established, and antibiotic therapy with enrofloxacin (10 mg kg
À1
, every 24 h) was carried out for 1 week. All rats were paraplegic after injury, with no signs of functional recovery.
At 7 days after induction of spinal cord compression injury, rats were anesthetized as above. A small hole was made in the vertebral arches of T8 and/or T9 using a micromotor. The tip of a 20-ml Hamilton syringe was inserted through the intact dura into the center of the developing lesion cavity, 3 mm cranial and 3 mm caudal to the cavity (penetration depth of 1.0 mm at an angle of 40-451 past perpendicular). In the undifferentiated group, 1 Â 10 6 autologous undifferentiated MSCs were injected into the rats at three points (5 ml at each site of injection). In the differentiated group, 1 Â 10 6 autologous differentiated neural cells were injected at three points (5 ml at each site of injection).
In the mix group, 0.5 Â 10 6 autologous undifferentiated MSCs þ 0.5 Â 10 6 autologous differentiated neural cells were injected into rats at three points (5 ml at each site of injection) and in the control group, medium alone (without donor cell administration) was injected. Transplants were performed incrementally over a 1-min period at each site of injection and the spinal cord surface was examined microscopically. To minimize cellular reflux, the needle was left in place for 60 s after the completion of injections. Muscles and skin were closed in layers and the rats received postsurgery care as described previously.
Behavioral analyses
After the surgeries, behavioral evaluation was assessed using the Basso-Beattie-Bresnahan (BBB) locomotor rating scale.
14 Scores from 0 (complete paralysis) to 21 (normal gait) were recorded once a week for a total of 6 weeks. For BBB assessment, rats were placed in an open field (radius ¼ 90 cm). Hindlimb motor function was scored simultaneously by two observers who were blind to the transplantation status of the animals. Significant difference was observed with one-way analysis of variance using SPSS (SPSS Inc., Chicago, IL, USA).
Histological preparation of tissues Animals were deeply anesthetized by intraperitoneal injection of pentobarbital sodium (100 mg kg
À1
), and then perfused transcardially with 200 ml 0.1 M phosphate buffer, pH 7.4, followed by 300 ml 4% phosphate-buffered saline (pH 7.4) containing 1% glutaraldehyde and 4% paraformaldehyde.
Spinal cords were sectioned transversely from T7 to T10 and histological observations after immunohistochemical staining were made.
We certify that all applicable institutional and governmental regulations concerning the ethical use of human volunteers/animals were followed during the course of this research.
Results
Cell culture and characterization of mesenchymal stem cells (MSCs)
Fibroblast-like cells from bone marrow cells were isolated by adhesion of these cells to the surface of plastic culture dishes. After 2 weeks, fibroblast-like cells with a spindle-shaped morphology appeared on culture dishes.
To confirm their mesenchymal nature, fibroblast-like cells were treated with appropriate osteo-, chondro-and adipoinductive media, 15 and their differentiation was confirmed through appropriate staining, including alizarin red (for osteogenic differentiation), alcian blue (for chondrogenic differentiation) and oil red (for adipogenic differentiation) staining ( Figure 2) . Furthermore, flow cytometry analysis showed that the expression of cell-surface markers such as CD90(Thy) and CD29 was positive, but the expression of CD34, CD45, CD11b and CD31 was negative ( Figure 3 ).
Neurogenic differentiation of mesenchymal stem cells (MSCs)
Undifferentiated and differentiated stem cells were cultured for 14 days and 16 days, respectively, before transplantation into the spinal cord lesion site. RT-PCR analysis indicated that differentiated cells expressed neuron-specific enolase, Nestin, b-tubulin and microtubule-associated protein 2 ( Figure 4 ). 
Immunocytochemistry analysis
In addition to a morphological evaluation of differentiated cells, to prove the neural differentiation of cells, they were processed for immunocytochemistry using primary antibodies to neuron-specific enolase (Figure 5a ) and b-tubulin III (Figure 5b) . Results showed that neuron-specific enolase and b-tubulin III proteins were expressed in cells that were treated with neurogenic medium for 7 days.
Behavioral analysis
All groups showed hindlimb dysfunction that was maximal during the first few days after the first surgery, with a BBB score of 0 at day 1 after injury ( Figure 6 ). All groups showed an equal BBB score (without any significant improvement in locomotion) 7 days after injury. In the undifferentiated group, the BBB score increased to 7.2 on day 49 after injury.
In the differentiated group, the BBB score increased to 14 and in the mix group to 15 on day 49 after injury. In the control group, the BBB score remained unchanged for the entire period of study. Statistical analysis revealed that there were significant differences in the BBB score between the control group and the other three groups. In addition, the differences between the undifferentiated group and the other two groups (the differentiated group and the mix group) were significant (Po0.05, t, d.f. ¼ 1.82, 2, two-way analysis of variance). There were no significant differences in the BBB score between the differentiated group and the mix group.
Immunohistochemistry analysis
Immunohistochemistry against BrdU showed a variable number of cells, thus supporting the presence of MSCs after intralesional administration. Indeed, histological examination and immunohistochemistry for BrdU-labeled cells at 5 weeks after transplantation disclosed that, in all groups, transplanted cells survived, partially filled the lesion cavity at the injury site, did not gross impinge upon host tissue and integrated into the host spinal cord tissue (Figure 7) . In addition, BrdU-labeled stem cells integrated into the parenchyma of the spinal cord, showing that cells were able to migrate at least short distances within the host tissue (Figure 8 ).
Discussion
This study has shown that local transplantation of MSCs can improve locomotion in the injured rat spinal cord and revealed that pre-differentiating of MSCs to neuron-like cells has a very important role in achieving the best results in hindlimb locomotion.
Several experimental strategies to treat SCI are being investigated, and cell therapy may have the best results for improving the clinical condition of a paralytic patient. 16 Among the different kinds of cells used for this purpose, bone marrow MSCs seem to be one of the best candidates, because they are relatively easy to isolate and can be expanded rapidly in vitro and differentiated into multiple cell types such as neuron-like cells. 17 Different weight-drop techniques are used to induce spinal cord compression injury in rat spinal cord studies. 18 These methods are time consuming, require custom-built lesionmaking devices and cause severe trauma to soft tissues and vertebrae that makes it difficult to inject cells later at the site of injury. In this study, a catheter (Fogarty embolectomy catheter) is used to induce spinal cord injury. This method is very consistent and there is minimal damage to surrounding tissues. 13 In this method, spinal dura remained intact at the site of the lesion. In this study, a purified population of fibroblast-like cells with high proliferation and differentiation potential into mesenchymal lineages was obtained. Osteoblastic, chondrogenic and adipogenic differentiations were shown by alizarin red, alcian blue and oil red staining, respectively. Further- Combination stem cell therapy in spinal cord injury MS Pedram et al more, flow cytometry analysis showed that the expression of cell-surface markers, such as CD90(Thy) and CD29, was positive, but the expression of CD34, CD45, CD11b and CD31 was negative. This piece of evidence, together with the fibroblastic morphology of cells, allowed us to conclude that these cells were MSCs. Neuronal differentiation of MSCs may require activation by specific exogenous factors, 19 as they were not observed expressing a neuronal phenotype after intraspinal transplantation and they probably changed to glial cells. 20 Thus, neuronal replacement in the spinal cord is feasible but requires grafting pre-differentiated stem cells or neuronal precursor cells. 21 It seems that cell transplantation at 7 days after SCI may have the best result. In this study, MSCs were cotransplanted with neuralinduced MSCs. We did not observe significant differences in functional improvement in the co-transplantation of neural-induced/undifferentiated MSCs, and neural-induced MSCs, but there were significant differences between these two groups and undifferentiated MSCs. These results showed that pre-differentiation of these cells to neuron-like cells has a very important role in achieving the best results. It has been shown that when differentiated cells are transplanted into injured spinal cord, the grafted cell processes always made synaptic connections with the processes of endogenous neurons. 22 Other short-term studies have noted neuronal differentiation, synapse formation and electrophysiological connectivity after transplantation of neural precursor cells. 23 Beside these synaptic connections, secretion of neurotrophic factors, including transforming growth factor-a and brain-derived neurotrophic factor, from transplanted differentiated cells can contribute to functional recovery. 24 Transplantation of neural-induced MSCs alone or in combination with undifferentiated MSCs has a significantly better effect in comparison with transplantation of MSCs alone. However, there was no significant difference between mix and differentiated cells. Understanding the mechanisms that control the fate of different kinds of cells after transplantation into injured spinal cord must be carefully delineated before their clinical use can be contemplated. Figure 6 The effect of cell transplantation on the Basso-BeattieBresnahan (BBB) score measurements after a delay of seven days after injury. There are significant differences between undifferentiated, differentiated and mix groups when compared with the control group. The difference between differentiated and mix groups with the undifferentiated group is significant (Po0.01). 
